Introduction
Infection with Entamoeba nuttalli, a morphologically indistinguishable Entamoeba species from E. histolytica, is prevalent in captive and wild macaques (1) (2) (3) (4) (5) (6) (7) . There are numerous wild macaque populations in China, in which the rhesus macaque is widely distributed, but the Tibetan macaque is unique to east central China. Our recent studies have detected E. nuttalli infection in wild rhesus and Tibetan macaques in China (1, 8) , indicating that these macaques are also natural hosts of E. nuttalli.
In addition to the epidemiology of E. nuttalli in non-human primates, genetic diversity of this amoeba also needs to be studied further. To date, several polymorphic markers for genotyping E. histolytica isolates have been well established. Of these, the serinerich protein (SRP) gene was the most widely used genotyping marker for Entamoeba isolates (4, (9) (10) (11) (12) (13) (14) (15) . tRNA-linked short tandem repeats (STRs) were another effective polymorphic marker (16) . Recent studies on E. nuttalli isolate genotypes have suggested that these are correlated with the geographical distribution of host macaques (8, 16) .
In addition to geographical factors, other aspects which could be impacting E. nuttalli genetic diversity remain unclear. Given that more information would be advantageous in studying factors contributing to E. nuttalli genetic polymorphism. In the present study, we aimed to detect Entamoeba spp. infection in another Tibetan macaque population living in Mount Huang (HS) of the An-hui Province in China. Genetic variation of the tRNA-linked STR loci and SRP gene of E. nuttalli isolates from Chinese macaques were analyzed.
Materials and Methods

Sample collection
Sixty fresh stool samples were obtained from wild Tibetan macaques living in Mount Huang of the An-hui Province in China in May 2016 ( Figure 1 ).
Stool examination and culture
Stool samples, PCR-positive for E. nuttalli, were xenically cultured in modified Tanabe-Chiba medium (17) . In addition, trophozoites of two E. nuttalli isolates from Mount Qian-ling (GY) of the Guizhou Province and six E. nuttalli isolates from Mount E-mei (EM) of the Sichuan Province were axenically cultured in YIMDHA-S medium (1, 8) . Trophozoites from 16 E. nuttalli isolates from wild rhesus macaques in Mount Long-hu (LH) of the Guanxi Province were xenically cultured in modified Tanabe-Chiba medium. These isolates were used as reference strains.
Extraction of genomic DNA and PCR amplification
PCR was used to detect various Entamoeba species. Genomic DNA from the 60 stool samples was extracted using a QIAamp DNA Stool Mini Kit (Qiagen, Germary) and then PCR with 35 cycles for amplification of partial 18S ribosomal RNA genes from E. histolytica, E. dispar, E. nuttalli, E. coli, and E. chattoni (E. polecki ST2) were performed as described previously (2, 3, 18) . Genomic DNA was also extracted from cultured trophozoites using a DNeasy blood and tissue kit (Qiagen, Germany). Genomic DNA isolated from cultured trophozoites was used for amplification of amoeba genes and genomic DNA isolated from E. nuttalli positive stool samples were used for amplification of host genes. Complete 18S and 5.8S rRNA genes were amplified as described previously (2) . The SRP gene and tRNA-linked STR fragments were amplified with Takara Pyrobest DNA polymerase from the genomic DNA of trophozoites using primers for five polymorphic STR loci (Locus D-A, N-K2, R-R, S-Q, and S TGA -D) as described previously (16, 19) . The host macaque hypervariable segments I of mitochondrial DNA (mtDNA HVS-I) and partial MHC II DRB1 genes were amplified from the genomic DNA of stool samples using primers listed in Table 1 . Briefly, the following PCR conditions were used: denaturation at 94°C for 15 s, annealing for 30 s, and extension at 72 C for 30 s (Entamoeba species diagnosis), 3 min (complete 18S and 5.8S rRNA genes), 45 s (five STR loci and SRP gene), or 1 min (mtDNA HVS-I and partial MHC II DRB1 genes). Annealing temperatures for amplifying mtDNA HVS-I and partial MHC II DRB1 genes are shown in Table 1 . An initial 3-min denaturation step at 94°C and a final 7-min polymerization step at 72°C were also performed for all reactions.
Sequencing and analysis of genes
PCR products of the 2.4-kb rRNA gene, SRP gene, and five tRNA-linked STR fragments of E. nuttalli as well as those of mtDNA HVS-I and partial MHC II DRB1 genes of macaques were purified using an AxyPrep DNA Gel Extraction kit (Axygen, USA) and then subjected to direct sequencing by PCR primers using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA). The 2.4-kb rRNA gene were completely sequenced by primer walking. PCR products with multiple sequences were processed using a pMD ® 20-T Vector cloning kit (TaKaRa). More than PCR from all 60 stool samples. E. chattoni (86.7%) was the most prevalent species, followed by E. nuttalli (58.3%) and E. coli (25%) ( Figure 2 ). In addition, mixed infections were detected in more than half of the positive samples (65%). E. histolytica and E. dispar were not detected by PCR in these samples. Stool samples were xenically cultured in modified Tanabe-Chiba medium. Six isolates were successfully cultured and designated as follows: HS24, HS25, HS31, HS42, HS48, and HS59.
rRNA gene analysis
The 2.4-kb region containing 18S and 5.8S rRNA genes was amplified by PCR and directly sequenced. Nucleotide sequences of the Mount Huang samples indicated that the isolates were of E. nuttalli. Moreover, the nucleotide sequence of the rRNA gene of the isolates obtained from Tibetan macaques in Mount Huang was identical to that the rRNA gene of E. nuttalli isolates from wild Tibetan macaques in Mount E-mei and wild rhesus macaques in Mount Qian-ling and Mount Long-hu. The 2.4-kb region containing 18S and 5.8S rRNA genes of these Chinese E. nuttalli isolates were completely identical and these isolates exhibited three nucleotide differences compared with the reference strain P19-061405 (AB282657), which was obtained from a wild rhesus macaque in Kathmandu in Nepal (1,2).
SRP gene and tRNA-linked STR loci typing
Given that differentiation of STR types are indispensable for high-resolution genotyping of amoebic isolates, we analyzed the SRP gene and tRNA-linked STRs of Chinese E. nuttalli isolates collected from two Macaca species at diverse geographic locations (Table 2) . Six isolates from the Tibetan macaques collected from Mount Huang shared identical STR sequence types for the SRP gene and five tRNA-linked STRs loci ( Figure 3A to 3E). The newly identified sequences were deposited in the DDBJ/EMBL/GenBank database (LC379241-LC379247).
NJ tree of E. nuttalli isolates
10 clones of each gene were sequenced. Reactions were run on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems, USA). Sequence data were analyzed using Bioedit 7.0.
Genetic variation and population analyses
Genetic distances were calculated using the SRP gene or five tRNA-STR loci using MEGA 5 software. Then, a Mantel test for isolation by distance was performed using IBD 1.5.2 software (20) with 10,000 randomizations.
A neighbor-joining (NJ) tree was constructed using the SRP gene or five of the tRNA-STR loci by MEGA 5 software.
Analysis and multiple alignments of macaque mtDNA HVS-I and partial MHC II DRB1 genes were performed using Clustal X; phylogenetic trees and genetic distances were constructed using the NJ method. SPSS 20.0 was used for preparing the 3D spot figure. Haplotype and nucleotide diversities of these gene sequences between different groups were calculated using DnaSPv5 software as described previously (21).
Results
Detection and isolation of Entamoeba spp. in stool samples
We attepted to detected the five Entamoeba species by In the distance-based NJ tree obtained using the tRNA-STR loci ( Figure 3F ), E. nuttalli isolates were presented into five paraphyletic branches. HS, EM, and LH isolates were categorized into an independent branch and GY isolates were categorized into two branches. In the distance-based NJ tree obtained using the SRP gene ( Figure 3G ), E. nuttalli isolates were represented by six paraphyletic branches. HS and EM isolates were categorized into an independent branch, whereas GY and LH isolates were categorized within two branches.
Effect of geographical distance on genetic diversity
The genetic diversity of different populations was compared with respect to geographical distance to estimate the importance of the geographical pattern for genetic relationships among the four E. nuttalli populations. Chinese E. nuttalli isolates were collected from four neighboring provinces (Figure 1) . Results of the Mantel test gave an r 2 value of 0.919 (P < 0.05, for 10,000 randomizations) based on the tRNA-STR loci and an r 2 value of 0.88 (P < 0.05, for 10,000 randomizations) based on the SRP gene. These results indicated that a significant isolation by the distance effect was found in the populations based on the tRNA-STR loci.
Analysis of host genetic variation
The macaque mtDNA HVS-I and partial MHC II DRB1 genes were highly polymorphic in each of the genomes. In the distance-based NJ tree obtained using the mtDNA HVS-I gene ( Figure 4A ), different macaque populations were represented by six paraphyletic branches. HS and LH macaques were categorized into an independent branch, whereas EM and GY macaques were categorized into two branches. In the distance-based NJ tree obtained using the partial MHC II DRB1 gene ( Figure 4B ), different macaque populations were represented by two large clusters. The upper semi-cluster contained 89.5%, 71.1%, 35.5%, and 24% alleles of LH, GY, HS, and EM macaques, respectively, and the lower half cluster contained 76%, 64.5%, 28.9%, and 10.5% alleles of EM, HS, GY, and LH macaques, respectively. The results indicated that most alleles of LH and GY macaques were located in the upper semi-cluster and that most of the alleles of the EM and HS macaques were located in the lower half cluster. The results suggested that HVS-I gene could distinguish the four regions of macaques better than MHC II DRB1 gene. The newly identified sequences were deposited in the DDBJ/EMBL/GenBank database (LC379248-LC379253).
Effect of macaque gene diversity on E. nuttalli genetic diversity
Quantifiable data revealed both high haplotype (1.0) and nucleotide diversities (0.065) of tRNA-STR loci sequences from GY isolates ( Figure 5A ). The mtDNA HVS-I gene of macaques infected with GY isolates also indicated high haplotype (1.0) and nucleotide diversities (0.06) ( Figure 5B ). GY macaques and E. nuttalli GY isolates both had the highest genetic diversity among the four Chinese populations. The haplotype diversity and nucleotide diversity of the MHC II DRB1 gene were also calculated. But the results suggested that the MHC II DRB1 gene was too polymorphism to distinguish difference among the four regions of macaques in the present study.
Multiple regression analysis using E. nuttalli tRNA-STR loci genetic, macaque gene, and geographic distances indicated an r 2 value of 0.943 (P < 0.05, 10,000 randomizations). The results indicated that a higher relevance was shown when both geographic and host gene factors were considered.
Discussion
Recent studies have demonstrated high polymorphism among E. nuttalli SRP gene and tRNA-linked STR from Nepalese, Japanese, and Chinese isolates (1-3,6,22) . The present study also demonstrated the presence of multiple genotypes in E. nuttalli isolates from different macaque populations. However, factors affecting polymorphism of E. nuttalli genes remained largely unknown. The current study attempted to provide insights into this amoeba gene polymorphism.
It has been demonstrated that genetic diversity of Chinese E. nuttalli isolates is associated with geographic distance based on the tRNA-STR loci (8) . The importance of the geographic factor was proved by investigation of other E. nuttalli isolates in Nepal (16) . In present study, a Mantel test indicated similar results when the Mount Huang population was included. Geographic factors were regarded as important contributors that could explain polymorphism of E. nuttalli genes. However, there were exceptions, as GY isolates included in present study demonstrated separate genetic features in the NJ tree. In the distance-based NJ tree, differences in genetic distance among E. nuttalli HS, EM, GY, and LH isolates were demonstrated. E. nuttalli genes from four macaque populations could be divided into five branches, with only GY isolates being attributed to two different branches. Genetic diversity in E. nuttalli GY isolates was quite prominent even if the amoeba was isolated from macaques in a very close geographical range. Therefore, we could not exclude the possibility that other factors may also affect genetic polymorphism of E. nuttalli isolates.
Host genetic diversity or pathogen-host co-evolution have been considered as critical factors affecting pathogen genetic diversity in a number of studies (23) (24) (25) (26) (27) (28) . Accordingly, the host macaque species and host genetic diversity could be important factors affecting E. nuttalli genetic diversity. Both rhesus and Tibetan macaques were included in present study, and all the samples were examined by DNA sequence analysis to verify that they were of Macaca species origin. Furthermore, the hypervariable region of host mtDNA and MHC II DRB1 genes were first used to determine the possibility that the host species was correlated with the genetic diversity of the amoeba. The results indicated that mtDNA HVS-I gene was compatible for distinguishing between the four Chinese macaque populations. GY macaques contained genetic features of two clusters in the NJ tree. The high haplotype and nucleotide diversity of GY macaques was also the highest among all populations. Results were similar to the E. nuttalli genetic diversity of GY isolates. This may indicate that host genetic diversity could affect parasite genetic diversity and explain E. nuttalli genetic diversity of GY isolates.
The host factor was probably non-negligible in the study on E. nuttalli. Host specificity has already been proved to be an important subject in the epidemiology of Entamoeba (29, 30) . In present study, a further analysis including amoebic genetic distance, geographic distance, and host genetic distance was performed. The result gave an r 2 value of 0.943, which was higher than that obtained with the Mantel test (0.919). This higher r 2 value may have demonstrated a more reasonable fitting method to analyze E. nuttalli genetic features. The genetic variation of the tRNA-linked STR loci of E. nuttalli isolates from Chinese macaques may be partially attributable to both host geographic locations and host genetic variation.
Genetic differences between the two different macaque species included in present study could not be ignored; however, the Tibetan macaque, a unique nonhuman primate in China, was identified as a closely related species to the rhesus macaque (31, 32) . A more indepth study involving the same species of macaque to evaluate the relationship between host genetic variation and E. nuttalli genetic variation would be more powerful.
Both the SRP gene and the tRNA-linked STR genotyping systems have been commonly used to distinguish E. histolytica genotypes (10, 19, (33) (34) (35) (36) . In the five tRNA-STR loci distance-based NJ tree, HS isolates were attributed to a slightly further branch to distinguish it from the E. nuttalli EM and GY isolates. However, data based on the SRP gene showed slightly different results. E. nuttalli HS isolates were attributed to a branch closer to the EM isolates than to the GY isolates. These results suggest that genetic evolution of SRP gene has a little differences with tRNA-STR loci. Furthermore, the tRNA-STR loci had more relativity than the SRP gene when used in the Mantel test. In summary, analysis in present study was focused on data of the tRNA-STR loci of Chinese E. nuttalli isolates. In comparison with singlegenes analysis, polygenic analysis would be better for obtaining more credible results.
In conclusion, the current study demonstrated high positive rates of E. nuttalli infection in Chinese macaques. These data showed that different macaque species in China were susceptible to E. nuttalli infection. In addition, E. coli and E. chattoni infections were commonly detected in these macaques. Present study also demonstrated that E. nuttalli HS isolates had unique genetic differences from other Chinese isolates based on tRNA-linked STR loci and the SRP gene. Additionally, analysis of genetic factor of host would benefit for better understanding of the evolution of E. nuttalli.
